SUMMARY
Basal cells in the corneal epithelium are known to play a crucial role in the maintenance and the regeneration of corneal epithelial cell layers. Even in a normal, steady state their mitotic activityl-3 and their adhesions to the basement membrane4,5 are essential for maintaining a normal corneal epithe lium. Basal cells are thought to be transient amplify ing cells which are rapid cycling and can amplify cell mass effectively by limited rounds of mitosis.6 When the corneal epithelium is wounded, they proliferate together with stem cells located in the basal cell layer of the limbus?-lO Although the origin of the leading edge cells has been controversiat,11-14 basal cells are reported to have a capability for cellular migra tion.6,13, 14 Re-formation of hemidesmosomes is important in the process of wound healing.4,S, 1 5 If there is damage to the basement membrane, basal cells are responsible for its regeneration.16 , 1 7 These findings have been accumulated from studies by numerous investigators. However, the reconstruction process of basal cells has been studied mainly by cross-sectional histological methods.
Scanning electron microscopy (SEM) is another technique in histology and has been used to demonstrate morphological features in regenerating corneal epithelium. 11-13, 1 8 -20 However, it has not been used for the observation of basal cells because its application is usually limited to observing the surface microanatomy of the object. In this study, we tried to observe by SEM the basal cell layer of corneal epithelium during wound healing. For this purpose, single layers of apically exposed corneal epithelial cells were desquamated by the use of digitonin?l Repeated application of digitonin resulted in the exposure of underlying basal cells. The images of basal cells at various stages of wound healing were compared with those of superficial cells.
MATERIALS AND METHODS
All procedures were performed according to the ARVO Resolution on the Use of Animals in Research. Sixteen albino rabbits weighing 2-3 kg were tranquillised by intramuscular injections of xylazine hydrochloride (10 mg/kg) and ketamine (20 mg/kg). Corneas were anaesthetised by the topical administration of oxybuprocaine chloride. Central epithelial abrasions, 7 mm in diameter, were produced on both eyes with n-heptanol as described by Cintron et al. 22 Immediately after the epithelial abrasions, the corneas were stained with 0.5% fluorescein sodium to visualise the epithelial defects and photographed by a SC-1200 slit lamp camera (Kowa, Tokyo, Japan).
The wounds were allowed to heal for designated periods of 1, 3, 7 or 14 days (8 eyes from 4 rabbits in ( a ) (b) 4°C. Fixed specimens were post-fixed in buffered 1 % osmium tetroxide for 1 hour, dehydrated in graded ethanol and critical-point dried at 42°C. The tissues were coated with a light coating of gold/palladium alloy and examined using a Hitachi S-4000 SEM operating at 15 kV.
RESULTS
All epithelial defects healed in a similar fashion. Complete re-epithelisation was achieved by day 3 in most cases. As viewed under a slit lamp biomicro scope, the corneas seemed to return to normal by day 7. In controls, the superficial cell layer consisted of polygonal cells (Fig. 1a) . On the other hand, the basal cell layer consisted of small, columnar-shaped cells which showed a relatively uniform contrast (Fig.  1b) . In some parts of the specimen we occasionally found the transitional portion from the exposed basement membrane and the remaining single cell layer. In other parts, we found a layer of squamous and polygonal cells (possibly suprabasal cells) remaining. Some of the underlying basal cells were seen through them. These columnar-shaped cells were located directly on the basement membrane and their morphological features are distinctly different from the overlying cells. These findings enabled us to identify the basal cells of normal corneal epithelium. In the case of wounded cornea, the identifications of basal cells were performed on the basis of the relationship between the cells and the basement membrane.
Morphological changes in both superficial and basal cells are shown in Fig. 2 . One day after wounding, the wound margin was surrounded by flattened and elongated cells (Fig. 2a) . Cytoplasmic ruffling and filopodia extending from the free edges to the basal lamina were frequently seen at high magnification. Following a single application of digitonin, these cells were not seen and the basement membrane was exposed (Fig. 2b) . Three days after wounding, all denuded areas were covered with regenerating epithelium, their outer surface consist ing of enlarged and elongated cells (Fig. 2c) . After a single application of digitonin, cells located on the basement membrane, which were thought to be regenerating basal cells, were exposed (Fig. 2d) . These cells were apparently larger in size than those of controls. They were flat and polygonal in shape, and some cells looked elongated just like the superficial cells. The regenerating epithelium con sisted of five or six cell layers on day 7 according to the cross-sectional observation (data not shown). SEM observations of the superficial cells revealed that they became polygonal in shape, but remained large in size (Fig. 2e) . The basal cells, which were exposed by digitonin, still looked flat and large (Fig.   M. YAMADA ET AL. 2f). SEM images of superficial cells and basal cells on day 14 are shown in Fig. 2g and h. Both images showed no differences compared with controls.
DISCUSSION
The morphological appearance of regenerating corneal epithelial cells has been studied intensively using SEM Y -13,1 8-20 Previous studies have shown characteristic changes in migrating epithelial cells such as membrane ruffling, filopodia formation, flattening, and elongation in cell shape. However, one limitation of SEM was that only the surface of the cornea, the superficial cell layer of the corneal epithelium, was observable except for the basal cells at the wound edge. Once regenerating epithelial cells stratified, morphological changes of the underlying epithelial cells could not be detected by this method. Therefore, the reconstruction processes of basal cells have been studied using light and transmission electron microscopy. l ,2,4,7-10, [14] [15] [16] [17] 20 In the present study, a method of desquamating single layers of apically exposed corneal epithelial cells21 enabled us to see by SEM the reconstruction process of basal cells during wound healing.
In interpreting the results obtained in the present study, the presence of artefacts should be taken into account. It is conceivable that some of the micro anatomy was generated by the treatment with digitonin or the fixation with glutaraldehyde.23 For example, intercellular spaces between basal cells were occasionally seen in specimens treated with digitonin. The contraction of tissue, which occurs during fixation, and the tilt angle of the scanning electron microscope might be sources of error in evaluating the cell size?4 However, it is reported that the overall devitalisation-exfoliation process had no overt effect on the morphology of the remaining tissue?l All specimens were fixated in the same way, and observed by SEM at a fixed tilt angle.
In the non-wounded controls, basal cells were observed as small, round, columnar-shaped cells. This image obtained by SEM suggests that basal cells in normal condition are morphologically uniform. Basal cells in regenerating corneal epithelium showed remarkable changes on days 3 and 7 after wounding. On day 3, the surface of regenerating epithelium was occupied with elongated, spindle shaped cells. At the same time, the underlying basal cells were enlarged in size and somewhat flattened and elongated in shape. On day 7 post-wounding, superficial cells became polygonal in shape, but remained enlarged. in size. The basal cells also looked round or polygonal in shape, but large in size. These increases in cell areas may aid the rapid coverage of the defect. The present study also indicates that the morphological reconstruction of superficial cells occurs simultaneously with that of Key words: Basal cell, Corneal epithelium, Scanning electron microscopy, Wound healing.
